In this work we report on ab initio theoretical results for the magnetic field induced 2s 2p 3 P 0 → 2s 2 1 S 0 E1 transition for ions in the beryllium isoelectronic sequence between Z = 5 and 92.
Malmö University, S-205 06 Malmö, Sweden (Dated: May 7, 2014) In this work we report on ab initio theoretical results for the magnetic field induced 2s 2p
3 P 0 → 2s 2 1 S 0 E1 transition for ions in the beryllium isoelectronic sequence between Z = 5 and 92.
It has been proposed that the rate of the E1M1 two-photon transition 2s 2p 3 P 0 → 2s 2 1 S 0 can be extracted from the lifetime of the 3 P 0 state in Be-like ions with zero nuclear spin by employing resonant recombination in a storage-ring. This experimental approach involves a perturbing external magnetic field. The effect of this field needs to be evaluated in order to properly extract the two-photon rate from the measured decay curves.
The magnetic field induced transition rates are carefully evaluated and it is shown that, with a typical storage-ring field strength, it is dominant or of the same order as the E1M1 rate for low-and mid-Z ions. Results for several field strengths and ions are presented and we also give a simple Z-dependent formula for the rate. We estimate the uncertainties of our model to be within 5% for low-and mid-Z ions, and slightly larger for more highly charged ions. Furthermore we evaluate the importance of including both perturber states, 3 P 1 and
I. INTRODUCTION
Two-photon transitions are exotic decay modes in atoms and ions. Nevertheless, they are of practical interest, e.g. in astrophysics where the 2s → 1s (2E1) transition in hydrogen contributes to the observed continuum radiation from planetary nebulae [1] , Herbig-Haro objects [2] , and H II regions [3] . Theoretical work on two-photon transitions started already at the dawn of quantum mechanics [4] . Since then, theoretical and experimental work has mainly focussed on H-like and
He-like systems [5, and references therein] . Various aspects of two-photon transitions, such as resonance effects [6] , negative continuum effects [7] , relativistic and QED effects [8] , and higherorder multipole effects [9] on two-photon transitions in H-like ions, in these isoelectronic sequences of ions have been addressed in very recent (mostly theoretical) studies. Additionally, the sensitivity of the spectral shape of the emitted photon continuum to relativistic effects [10] , as well as angular correlations [11] and quantum correlations [12] between the two-photons have been investigated.
In He-like ions there exist three long-lived metastable states which decay (partly) via the two-photon transitions 1s 2s 1 S 0 → 1s 2 1 S 0 (2E1), 1s 2s 3 S 1 → 1s 2 1 S 0 (2E1), and 1s 2p 3 P 0 → 1s 2 1 S 0 (E1M1). The latter competes with the dominating 1s 2p 3 P 0 → 1s 2s 3 S 1 one-photon E1 transition. The relative importance of the E1M1 transition increases with nuclear charge Z. For Z = 92 the E1M1 branching ratio has been calculated to amount to about 32% [13, 14] .
With Be-like ions the situation is much more clear-cut. The 2s 2p 3 P 0 state is the lowest excited state and for isotopes with a non-zero nuclear spin, the J = 0 → 0 transition channel opens up due to mixing of the hyperfine levels, leading to a so-called hyperfine induced transition (HIT). Such a shortening of lifetimes of metastable states owing to hyperfine interaction, is referred to as hyperfine quenching and has been investigated for Be-like ions both theoretically [15] [16] [17] [18] [19] [20] and experimentally [21, 22] . For isotopes with zero nuclear spin on the other hand, a one-photon transition to the ground state 2s 2 1 S 0 is strictly forbidden in a field-free region and the lowest-order decay channel is a very slow E1M1 two-photon process. The most important third-order process is a 3E1 threephoton decay, which has a transition rate smaller than the two-photon process by a factor of α, the fine structure constant, according to Laughlin [23] .
The calculation of E1M1 rates involves potentially significant negative-energy contributions to the transition amplitudes [13] . Thus, an accurate measurement of the experimental decay rate would constitute an ultimate benchmark of relativistic many-body theoretical methods and computational schemes. So far there exist no experimental observations of E1M1 transitions in He-like or Be-like systems [5] .
Recently, future storage-ring experiments have been proposed [24] [25] [26] to measure 2s 2p 3 P 0 → 2s 2 1 S 0 E1M1 two-photon transition rates for heavy Be-like ions with nuclear charges Z > ∼ 50. However, the magnetic field of the storage-ring dipole magnets will give rise to a magnetic field induced E1 transition (from here on referred to as a MIT), possibly with a rate of the same order of magnitude as the rate of the two-photon transition. Hence, to correctly deduce the two-photon rate from such an experiment, there is a need for accurate MIT rates as discussed in [26] .
Arguably a MIT was observed for the first time in 2003 by Beiersdorfer et al. in Ne-like Ar, using the EBIT-II electron beam ion trap at the Lawrence Livermore National Laboratory [27] .
They also showed that such transitions can play an important role in high-temperature plasma diagnostics, e.g. in fusion reactors.
In the present work we investigate the mixing, as induced by an external magnetic field, of the four atomic fine-structure states 2s 2p 1,3 P 0,1,2 in Be-like ions with zero nuclear spin, giving rise to a MIT from 3 P 0 to the ground state. Note that there will also be a MIT from 3 P 2 to the ground state, which is of no direct interest to this work.
In the following section (II) we introduce the relevant details of storage-ring measurements of atomic lifetimes. Our theoretical methods are described in section III and computational details are given in section IV. Our results and conclusions are presented in sections V and VI.
II. STORAGE-RING MEASUREMENTS OF ATOMIC LIFETIMES
Heavy-ion storage-rings are ideal devices for measuring atomic lifetimes [28] . They provide a unique experimental environment, which is characterized by low residual gas density and correspondingly long ion storage times of up to several hours [29] . In a typical experiment, ions with well defined charge state, mass, and kinetic energy are injected into the storage-ring from an external accelerator. Beam cooling techniques such as electron cooling [30] or stochastic cooling [31] may be applied to reduce internal energy spread and diameter of the stored ion beam, i.e, to create well controlled experimental conditions. Long-lived metastable levels of interest are usually generated by the charge stripping process that is used for producing the desired ion charge state in the accelerator. Metastable levels may also be populated in situ by collisional excitation [32] or by optical pumping [33] .
The standard technique for measuring atomic decay rates in an ion storage-ring is to monitor the fluorescence from the long-lived excited levels as function of storage time [28] . However, this approach suffers from small solid angles and background photons which severely hampers the investigation of weak decay channels [34] . An alternative approach is electron-ion collision spectroscopy, where level-specific charge changing electron-ion collision processes such as dielectronic recombination (DR) are exploited for monitoring the decay of the metastable ion beam fraction [35] . This techniques yields comparatively high signal rates since the fast moving product ions are confined into a narrow cone and can thus be detected with high efficiency. It has been successfully employed for the measurement of 2s 2p 3 P 0 → 2s 2 1 S 0 HIT rates in Be-like 47 Ti 18+ [21] and 33 S 12+ [22] at the Heidelberg heavy-ion storage-ring TSR. It has been proposed [24] [25] [26] to use the same technique at the heavy-ion storage-ring ESR of the GSI Helmholtz Center for Heavy-Ion Research in Darmstadt, Germany for the measurement of the 2s 2p 3 P 0 → 2s 2 1 S 0 E1M1 two-photon transition rates in heavy Be-like ions with zero nuclear spin.
An issue of concern in these measurements is in how far the atomic lifetimes are influenced by the magnetic fields that are generated by the storage-ring dipole, quadrupole, and higher order correction magnets. Magnetic quenching in the TSR has been investigated theoretically by Li et al. [20] for the 2s 2p 3 P 0 level in Be-like 47 Ti 18+ . The effect has been found to be insignificant for this specific case. The effect of external fields on the HIT rates has also been investigated experimentally. In the S 12+ storage-ring experiment [22] the magnetic field strength of the storagering dipoles was varied by a factor of two. Within the experimental uncertainties no influence of this B-field variation on the measured HIT rate was found. In contrast to the HIT and E1M1 transition rates, which in general are increasing with Z, the MIT rate decreases with Z. Hence it can be expected that the relative importance of magnetic quenching decreases with increasing Z.
Although the ions which move with typically 10-30% the speed of light, c, are subjected to an alternating magnetic field with frequencies in the MHz range, we here as a first approach treat the magnetic field as constant. This implies that we also neglect the magnetic fields of the quadrupole and higher order correction magnets, which are anyway much weaker than the field in the bending dipole magnets.
It should also be noted that the magnetic field transforms into an electric field E = q(v × B) in the rest frame of the ions with charge q moving with velocity v. Under rather extreme experimental conditions, i.e., for v = c and B = 1.5 T the electric field strength amounts to 4.5 × 10 8 V m −1 .
In search for parity-violating effects Maul et al. [37] have calculated the rate for the associated quenching of the 2s 2p 3 P 0 level. This rate scales quadratically with field strength, E. Even for E = 4.5 × 10 8 V m −1 the effect is very weak. The associated transition rates are smaller than ∼ 2 × 10 −5 s −1 [26] and, thus, insignificant for the present study. 
III. THEORETICAL METHOD
The details of the theoretical approach used in this work have been outlined in a recent paper on MITs in Ne-like ions [38] . Here we just briefly summarize the method.
The Hamiltonian of an atom with zero nuclear spin under the influence of an external homogeneous magnetic field, B, can be written in the following form [39] 
where the first term, H f s , is the relativistic fine structure Hamiltonian which in our approach includes the Breit-interaction and leading QED effects such as self-energy and vacuum polarization.
The tensor operator N (1) represents the coupling of the electrons with the field and ∆N (1) is the Schwinger QED correction. Explicit forms of the operators can be found in [39] .
In the presence of an external magnetic field, M (and parity, which we leave out for simplicity) is the only good electronic quantum number, and we expand the M -dependent atomic state functions the fine structure Hamiltonian
The mixing coefficients associated with the magnetic field perturbation, d ΓJ , can be obtained through first order perturbation theory,
where the labels having a subscript zero denote the reference state. Alternatively one can evaluate the mixing by solving the corresponding eigenvalue problem.
In order to construct the ASFs we use the multiconfiguration Dirac-Hartree-Fock (MCDHF)
approach [40] . The starting point of this method is to write the ASFs as linear combinations of configuration state functions (CSFs), which in turn are Eigenfunctions of J 2 , J z and parity
where c i are mixing coefficients of the CSFs, and γ i are labels, such as orbital occupation numbers and intermediate spin-angular couplings, to uniquely define the individual basis functions. Each of these many-electron CSFs are in turn constructed as coupled antisymmetric sum of products of one-electron wavefunctions, the Dirac-orbitals.
Applying the basis expansion (2), the electric dipole transition probability for a magnetic field induced transition from an initial state |M ′ to a final state |M is given by
where A M IT is in s −1 and λ is the wavelength of the transition inÅ. One should keep in mind that the real photon energy, that is the transition energy of the induced transition under consideration (i.e between 2s 2 1 S 0 and 2s 2p 3 P 0 in this case) must be used to calculate the electric dipole transition matrix elements [17] .
The magnetic interaction induces mixing between states that differ in J by at most 1, hence the regular E1 selection rule of change in total angular momentum is extended to ∆J = J − J ′ = 0, ±1, ±2, ±3. The mixing also implies that what appears as a J = 0 → 0 transition, is allowed.
The general theory can be applied to the MIT rates in Be-like ions. The reference state 2s 2p 3 P 0 in these systems, under the influence of an external magnetic field (see Fig. 2 for schematics of energy structure and possible transition channels), can approximately be expressed as "2s 2p
where further interactions have been excluded due to large energy separations and relatively weak magnetic interaction couplings. The quotation marks are used to clarify that the notation is just a label corresponding to the largest J-dependent eigenvector component. The ground state is more or less isolated from other states, so the corresponding M -dependent state is very well described by a single ASF "2s
The inclusion of the perturbing states 2s 2p 1,3 P 1 M = 0 in the wavefunction, Eq. (6), opens up one-photon E1 transitions to the ground state. Using Eq. (5) and evaluating the 3-j symbol, the corresponding transition rates can be expressed as
Finally, since the mixing coefficients d S in first order perturbation theory, are directly proportional to the magnetic field strength, we define a reduced mixing coefficient d R S and hence also a FIG. 2. Schematic Grotrian diagram at low Z, where LS-coupling notation is appropriate, for the lowest states of Be-like ions with zero nuclear spin. The lowest order decay from 3 P 0 is the E1M1 two-photon transition to the groundstate. In the presence of an external magnetic field, the usually strictly forbidden onephoton transition channel 2s 2p 3 P 0 → 2s 2 1 S 0 is opened due to mixing with 3 P 1 , M = 0, which is decaying to the groundstate through the unexpected E1 intercombination channel (IC), and with 1 P 1 , M = 0, which decays to the groundstate with an allowed E1 transition.
reduced transition rate, A R M IT , which in effect are independent of B, through
IV. COMPUTATIONAL MODEL
A. Summary
The wavefunctions of all Be-like ions ranging from boron (Z = 5) to uranium (Z = 92) are calculated using the latest version of the Grasp2k program suite [41] based on the MCDHF method briefly outlined above.
The radial parts of the Dirac-orbitals, together with the expansion coefficients, c i , in Eq. (4) are optimized in a relativistic self-consistent field (RSCF) procedure based on the Dirac-Coulomb
Hamiltonian. This part of the calculation is performed in a layer-by-layer scheme in which the active set of one-electron Dirac-orbitals is expanded systematically until satisfactory convergence of atomic properties, such as excitation energies, is achieved.
With a well-optimized basis at hand, the Breit interaction (in the low frequency limit) and leading QED effects are included in a subsequent relativistic configuration interaction (RCI) model.
Both these effects grow in importance with increasing ionization stages as compared to electron correlation which becomes less important for high-Z ions.
Finally, in order to calculate the transition rate according to Eq. (8), the mixing coefficients d S have to be evaluated. This is done using the first order perturbation theory approximation of Eq.
(3), with reduced matrix elements calculated using the Grasp2k module, Hfszeeman [42] .
B. Optimization of Dirac-orbitals and electron correlation model
The ASFs of the even, 2s 2 1 S 0 , and the odd parity states, 2s 2p 3 P 0,1,2 , 2s 2p 1 P 1 , are determined in two separate calculations. The four odd ASFs are determined simultaneously in an extended optimal level (EOL) scheme [43] , where the optimization is on a weighted sum of the corresponding fine structure energies. It should be noted that standard Racah algebra assumes the ASFs to be built from the same set of orthogonal radial orbitals. Thus to compute transition matrix elements between the even and odd parity ASFs, generated from independently optimized orbital sets, we apply biorthogonal transformation techniques to the orbital sets [44, 45] , after which the calculation can be performed using standard methods.
We use a correlation model in which the CSF space is generated using a complete active space (CAS) approach with orbitals up to n = 4, and then merged with the result of single (S) and double (D) substitutions to higher n's (with orbital angular momentum restricted by l ≤ 6) from the multi-reference (MR) {2s 2 , 2p 2 } for the even parity states and the {2s 2p} reference for the odd states.
In order to capture as much correlation as possible in the computationally much less demanding RCI calculation, we extend the active space model from above by allowing also for triple (T) and quadruple (Q) substitutions with the restriction, in excess of the orbital angular momentum upper limit, that there should always be at-least two electrons in subshells with n ≤ 3. This is in effect a simple way of generating a SD-expansion from a large MR. 
V. RESULTS AND DISCUSSION
A. The magnetic field induced 2s 2p
Magnetic field induced rates of the 2s 2 1 S 0 − 2s 2p 3 P 0 transition for Be-like ions, in a comparatively weak magnetic field can be estimated from the reduced transition rates, A R M IT , as defined in Eq. (9) . Using this method, we calculate rates for all ions in the beryllium isoelectronic sequence with zero nuclear spin, between Z = 5 and Z = 92. In these calculations the wave function of the 2s 2p 3 P 0 state under the influence of an external magnetic field, is approximately described including 2s 2p 3 P 1 and 2s 2p 1 P 1 as perturbers. The resulting reduced rates are presented in Table   I in the column labelled "Full" (since both perturbers are included). It is found that the MIT rates are small and almost constant (∼ 3 × 10 −3 s −1 ) for high-Z ions. These rates will be compared to the expected E1M1 rates in the subsequent section. Note that the reduced MIT rates by definition correspond to an external magnetic field strength of 1 T.
We also investigate the importance of the 2s 2p 1 P 1 perturber by comparing our results to a calculation, labelled "No 1 P 1 " Table I , where we only include 2s 2p 3 P 1 . The next collumn in this table, labelled "δ % ", shows the difference between these two approaches in percentage. It is clear that excluding 1 P 1 leads to a significant overestimation of the rates, by more than 5% for Z = 16
to 75, reaching as much as 26% for Be-like Se and Br. The full calculation reduces the MIT rates, as compared to only including 1 P 1 , due to cancellation of the individual transition amplitudes from the two perturbers involved in Eq. (8).
The two remaining columns of Table I ( 
B. Uncertainties of results
In order to benchmark the quality of our wavefunctions (and ultimately the magnetic induced transition rates) we compare our obtained excitation energies, energy separations between the reference state 3 P 0 and the perturbers 1,3 P 1 , as-well as the involved J-dependent transition rates with experiment [46] and another accurate theoretical work based on B-spline relativistic configuration interaction calculations [17] with a careful treatment of QED effects (from here on this calculation will be referred to as BSRCI for brevity). In this subsection we also present results from convergence studies of the involved parameters, the influence of QED effects and finally we investigate the impact of neglecting additional perturbers.
This initial comparison with experiment and other theory is presented in Table II The first ion, chosen to represent the neutral end in this test, is singly ionized boron (Z = 5).
correlation (relative to Dirac-Fock energies). It can be seen from Table II that We continue with the convergence of the MIT rates, and the involved parameters, as the active set of orbitals is increased according the model presented in section IV. We conclude from our studies that the MIT rates are converged to 5% on the far neutral end of the sequence, whereas the rates for the highly charged ions are almost fully converged, as expected.
The QED contribution to the MIT rate ranges from zero in the neutral end, to −15% for Z = 50
and about −40% for Z = 92. In our relatively simple QED model, we estimate an upper limit of the QED uncertainty for the mid-Z ions, to about 5%. As the impact of QED is almost half of the total rate for the highly charged ions, the errors are most certainly larger as well. This is however of no direct problem to this work as the E1M1 rate is anyway dominating over the MIT rate for these ions by more than two orders of magnitude for Z=75 and up (see Fig. 3 in the following subsection). Note however that the formula for the E1M1 rate by Laughlin, Eq. (13) [23] , which is used in this work for reference values, is non-relativistic and ignores the 1 P 1 state and should therefore be used with care, especially for the highly charged ions. The competition between the MIT and E1M1 rates will be discussed further in the following subsection (V C).
It remains to estimate the influence of including perturbers other than 2s 2p 1 P 1 and 2s 2p 3 P 1 .
Starting with Z = 5, we evaluate the size of the magnetic field induced mixing, Eq. (3), with the closest lying energy level of odd parity above the 2s 2p 1 P 1 level. This is the state 2s 3p 3 P 1 having an energy separation with the 2s 2p 3 P 0 reference state of 106 655 cm −1 according to the NIST ASD [47] . Furthermore, the matrix element involved in the evaluation of the mixing coefficient is about a factor of 10 smaller for 2s 3p 3 P 1 which implies a mixing coefficient in total 30 times smaller than the one with 2s 2p 1 P 1 . The same line of action for Z = 50 gives a mixing coefficient with 2s 3p 3 P 1 that is more than 1500 times smaller than the one for 2s 2p 1 P 1 . Calculating the MIT [46] and theoretical rates [48] from the NIST database [47] for Z = 5. Results for ions of charge states Z = 50 and 92 is compared with another recent accurate theoretical work [17] (labelled "BSRCI"). The fractional difference relative to our results are given in rows labelled by "δ % ". All energies are given in units of cm −1 , transition rates in s −1 and numbers in brackets represent powers of ten. Note that our values are rounded off to the same number of digits as given in the data compared with.
ion source rates including the 2s 3p perturbers reveals an additional contribution of about 0.01% for Z = 92, to zero for Z = 5, and we conclude that neglecting further perturbers has a negligible impact on the MIT rates.
We end the discussion of this subsection by giving an estimation of the total MIT transition rate uncertainty. After a careful convergence study we concluded the rates to be converged to within 5% − 0% from low-to high-Z ions. We estimate the accuracy of the QED contribution for the lowto mid-Z ions to 0% − 5% and around 10% for the highly charged ions. The influence of neglecting further perturbers is very small, and thus we estimate the total accuracy of our MIT rates to be varying from about 5% for low-and mid-Z ions, up to 10% as an upper limit for the highly charged ions, where should be clear that the errors related to QED are very hard to evaluate.
C. The competition between the E1M1 two-photon and MIT decays
To be able to extract the E1M1 two-photon transition rate, one needs to determine, or at least estimate the MIT rate, which was done in subsection V A. In order to predict the influence of the magnetic field on the total lifetime, one should compare these MIT rates to the corresponding two-photon transition rates. We begin, however, by evaluating the MIT rates further, along the sequence.
According to the scaling law for physical quantities in the hydrogenic approximation, the MIT rate is roughly proportional to Z 4 for high-Z ions. To obtain better description of the dependence of the MIT rate on the atomic number, we perform a non-linear least squares fit of the calculated reduced rates including an extra general term of Z, resulting in the following expression
where
The first term in Eq. (10) Table I , and the fitted curve is presented in Fig. 4 together with the deviation of the fit in the panel underlying the main plot. As can be seen from this figure, the fit is in excellent agreement with the calculations, except for a few ions at the neutral end of the sequence where the reduced transition rates of Table I should be used instead if there is a need for high accuracy. 
with the constants α, β, γ and δ given by Eq. (11) above.
For the E1M1 decay from 2s 2p 3 P 0 in Be-like ions only two theoretical predictions by Schmieder [49] and by Laughlin [23] are available. As mentioned in the previous subsection, Laughlin's derivation is non-relativistic and ignores the 2s 2p 1 P 1 state. Thus should all comparisons between the MIT and E1M1 transition rates in this subsection, be read with the knowledge that the accuracy of the E1M1 rates could be very low for high-Z ions. Bernhardt et al. [25] evaluated the integrals involved in Laughlins's expression for the rate analytically, with the resulting formula
where E here represents the excitation energy of the 2s 2p 3 P 0 state, ∆ is the 2s 2p 3 P 0,1 fine structure splitting and A 0 = 2.867 × 10 −11 s −1 .
In Fig. 3 we illustrate the E1M1 two-photon transition rates along the Be-like sequence according to this formula. In the same figure we also include the MIT rates calculated with some examples of magnetic field strengths between B = 0.25 and 1.5 T. From this figure it can be seen that the rates of the two transition channels are in general of comparable size for mid-Z ions. At the low-Z end of the sequence the MIT becomes the dominating decay channel, while for high-Z ions the E1M1 channel has a much faster rate. Furthermore, we define a critical magnetic field strength, B critical , as the field corresponding to a MIT rate equal to the E1M1 rate, leading to the following relation
Using Eq. (13) for the E1M1 rates (well-aware of the possible low accuracy of the E1M1 transition rates for the highly charged ions as pointed out earlier) and our reduced MIT rates from Table I, we calculate the critical magnetic field strength along the sequence, see Fig. 5 . From this figure one can readily estimate in which region of Z and B the impact of the magnetic field on the lifetime of 3 P 0 is of significant importance. For example, for Sn, Z = 50, the critical magnetic field is about 0.3 T. Hence it is crucial to include and evaluate the MIT rate in measurements involving an external magnetic field of this magnitude.
D. The E1M1 transition rate measurement at ESR
Considering the particular case of the proposed experiment at ESR, the six dipole bending magnets cover 36.24% of the ring as explained in section II. Each one of these magnets have a constant and near homogeneous magnetic field that can be set to any field strength, B bending magnets , up to a maximum of 1.5 T, depending on the mass and energy of the stored ion. Hence we may conclude that, using Eq. (12), the effective rate of the 2s 2p 3 P 0 → 2s 2 1 S 0 transition in a measurement at ESR can be estimated from 
where B ef f = √ 0.3624 × B bending magnets is the effective magnetic field strength deduced from averaging the MIT rate over one full revolution of ESR. The effective field strength is variable up to a maximum of 0.90 T.
One can then choose to use either the reduced transition rates, A R M IT , given in Tab. I, or just simply the Z-dependent function in square brackets of Eq. (17) with fitted parameters defined in Eq. (11) . The measured total lifetime of 3 P 0 can then be directly related to this rate, from which an approximation of the E1M1 transition rate can be obtained.
VI. CONCLUSIONS
In summary, it has been proposed [24] [25] [26] to measure the rate of the 2s 2p 3 P 0 → 2s 2 1 S 0 E1M1 two-photon transition in heavy Be-like ions with zero nuclear spin at the heavy-ion storage-ring ESR of the GSI Helmholtz Center for Heavy-Ion Research in Darmstadt, Germany. The E1M1 two-photon transition is the lowest order transition for Be-like isotopes with zero nuclear spin in a field-free environment. In a storage-ring however, the bending magnets generate magnetic fields which possibly could have a large impact on the lifetime of the 3 P 0 level through magnetic field quenching. In this work we therefore present accurate theoretical transition rates of the magnetic field induced transition 2s 2p 3 P 0 → 2s 2 1 S 0 in Be-like ions with the purpose of aiding such storage-ring measurements.
Our theoretical approach is based on accurate wavefunctions calculated in an MCDHF scheme followed by a large-scale RCI calculation, as described in sections III and IV. The MIT rates can then be obtained through Eq. (8) and we present results and discussions in section V. The transition rates are presented in Table I , but also as a function of the charge state, Z, of the ion of interest and the magnetic field strength, B (see Eq. (12)). The quality of our results is motivated through a comparison with experiments and other theoretical results as well as convergence studies, the impact of QED effects and an evaluation of the influence of neglecting further perturbers. We conclude our errors to be within 5% for low-and mid-Z and slightly higher for the highly charged due to larger QED effects.
We continue by investigating how big impact the external B-field would have on the total measured lifetime of the 3 P 0 level as compared to the lifetime associated with the E1M1 two-photon transition. In Fig. 3 an approximate theoretical prediction of the E1M1 transition rate, Eq. (13) , is compared to our calculated MIT rates for some different typical field strengths. The figure shows that storage-ring measurements in general, involving external magnetic fields, is infeasible for ions at the neutral end of the isoelectronic sequence where the MIT channel is completely dominating.
But foremost we can conclude that in order to determine the E1M1 rate from such a measurements, an accurate evaluation of the MIT rates is crucial for ions around Z = 25 to 65, where the MIT and E1M1 transition rates are of the same order of magnitude.
Finally we apply our results to the particular measurement proposed at ESR. We introduce an effective magnetic field, B ef f , depending on the bending magnet set-up of ESR, and give a relation, Eq. (17), for the total transition rate corresponding to the measured lifetime of 3 P 0 . From this expression one can then, if the total transition rate can be evaluated experimentally, readily obtain an estimation of the rate associated with the E1M1 two-photon transition. 
